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a b s t r a c t

A new family of soluble, solution-processable metallopolyynes of platinum(II) functionalized with elec-
tron-rich phenothiazine–oligothiophene rings and their corresponding dinuclear model complexes were
synthesized and characterized. The organometallic polymers show different degrees of absorption capa-
bilities in the solar spectral region, rendering some of them good electron donors for fabricating bulk het-
erojunction polymer solar cells by blending with a methanofullerene electron acceptor. The influence of
the number of thienyl rings along the polymer chain on the optical and photovoltaic properties of these
metallopolymers was studied. At the same donor:acceptor blend ratio of 1:4 or 1:5, the light-harvesting
capability and solar cell efficiency notably increase as the number of thienyl rings is doubled. Photoexci-
tation of the polymer solar cells results in a photoinduced electron transfer from the p-conjugated met-
allopolyyne to [6,6]-phenyl C61-butyric acid methyl ester and the best-performing polymer showed a
power conversion efficiency (PCE) up to �1.3% with a corresponding peak external quantum efficiency
of 63% under air mass (AM1.5) simulated solar illumination even at shorter absorption wavelength
regime. The power dependencies of the solar cell parameters (including the short-circuit current density,
open-circuit voltage, fill-factor and PCE) were also tested in detail.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Energy and environment have been recognized as two of the top
challenges of the human beings nowadays. Sunlight is perhaps the
most abundant, renewable and clean energy source on the Earth.
Therefore, the strong demand to harvest solar energy stimulates
intensive scientific research for efficient, low-cost, lightweight
photovoltaic devices [1–4]. Polymer-based organic photovoltaic
systems hold the promise for a cost-effective, lightweight solar en-
ergy conversion platform as compared to the inorganic semicon-
ductors and have potential to excel in large-area flexible devices
[5–8]. Encouraging progress has been made over the past few years
in the area of bulk heterojunction polymer solar cells (PSCs) based
on polymer donors and molecular acceptors in blends [9] but many
issues of materials and device development remain yet to be ad-
dressed. To date, poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric
acid methyl ester (P3HT:PCBM) represents a promising active layer
material in PSCs with power conversion efficiencies (PCEs)
All rights reserved.
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approaching 5�6% [10–19]. The current state-of-the-art in this
growing field is critically examined with a focus on improving or
optimizing the electronic and morphological interactions of the
polymer and the fullerene.

Recently, conjugated organic polymers containing metal centers
in the main chain have evolved as a new class of active materials to
capture energy from the Sun [20–37] and this interest derives from
the fact that incorporation of heavy metals into an organic conju-
gated framework can elicit huge effects on the electronic and
optical properties of the polymers [38–47]. Among these, metall-
polyynes stand out to be particularly interesting candidates in this
area [23–36]. For a rational design of solar cells with the aim of
optimizing solar spectrum coverage and charge mobility, both in
single and tandem cells, it is very desirable to seek for a new class
of conjugated polymers with tunable functional properties for PSCs
so that they can be processed under similar conditions and the cell
design and optimization processes can be simplified [48–55]. It has
been shown that organic groups such as fluorene [35], 2,1,3-benzo-
thiadiazole [31,34], thieno[3,4-b]pyrazine [36] and bithiazole [32]
can be used to prepare efficient organometallic PSCs with the pho-
tosensitivity at longer wavelengths due to their narrow bandgaps.
In each of these cases, inclusion of various thiophene fragments
into the (hetero)arylene unit is likely to further expand the spectral
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width of absorption appropriate for sunlight harvesting. Following
this line, we report here the synthesis, characterization and photo-
voltaic behavior of some bandgap-tunable metallopolyynes con-
taining the bis(oligothienyl)-phenothiazine spacer. Phenothiazine
(PTZ) belongs to an important class of tricyclic nitrogen–sulfur het-
erocycles [56], with a broad spectrum of pharmacological activity
[57–63] Phenothiazine has low and highly reversible first oxida-
tion potentials [64–67] with pronounced propensities to form sta-
ble radical cations. Also, phenothiazine and its derivatives serve as
good intramolecular reductive quenchers because they show a fac-
ile one electron oxidation, and the PTZ radical cation (PTZ�+) is
known to have a strong absorption in the visible region [68–69]
This makes the identification of the charge-separated intermediate
formed upon electron transfer from PTZ to the 3MLCT excited state
of the chromophore unambiguous [70–73]. The electron-rich nat-
ure of phenothiazine makes it a good electron donor in some stud-
ies related to donor-chromophore–acceptor triad for photoinduced
charge separation [70–73] and it is also a good electron donor for
reductive quenching [74,75]. As a consequence, these favorable
electronic properties of phenothiazines have led to their applica-
tion as electrophore probes in supramolecular assemblies for pho-
toinduced electron transfer (PET) studies and as electron donor
components in various optical and electronic domains [76–79]
The prospect of integrating strongly coupled redox-active pheno-
thiazine fragment into conjugated oligothiophene chains could
constitute a new class of spacers in optoelectronically-active
metallopolyynes. In our studies, PSCs derived from them showed
PCEs of up to 1.3% even at shorter visible wavelengths. The work
permits a chemical tuning of the PCE by modulating the number
of thienyl rings in the organic chromophore, which changes the
absorption features and possibly charge transport properties of
the resulting polymers.

2. Results and discussion

2.1. Synthetic methodologies and chemical characterization

The chemical structures of new platinum(II) polyyne polymers
P0�P2 and their selected well-defined model compounds
M0�M2 are shown in Scheme 1. The dibromo precursors
(L1–2Br and L2–2Br) can be obtained from L0–2Br by successive
coupling of 2-thienylmagnesium bromide with the corresponding
phenothiazine-based dibromide of the lower generation. Conver-
sion of the dibromide derivatives to their corresponding diethynyl
congeners can be readily achieved following the typical organic
synthetic protocols for alkynylation of aromatic halides [70,80]. It
is worth noting that the purification steps become more tedious
in the ligand synthesis as the number of thienyl rings m increases.
The Pt alkynyl compounds were prepared by the Sonogashira-type
dehydrohalogenation between each of the diethynyl precursors
and suitable platinum chloro precursors [23–36,81–90]. The feed
mole ratio of the platinum precursors and the diethynyl ligands
were 1:1 and 2:1 for the polymer and dimer syntheses, respec-
tively, and each product was carefully purified to remove ionic
impurities and catalyst residues. The use of a long dodecahexyl
chain on phenothiazine is crucial in increasing the solubility and
improving the solution processability/tractability of these metallo-
polyynes. The dinuclear Pt complexes serve as good discrete
molecular model complexes for the corresponding polymers as
far as their spectroscopic and photophysical properties are con-
cerned. The polymers can be purified by silica column chromatog-
raphy and repeated precipitation and isolated in good yield and
high purity. Yields of the polymers are between 57% and 60%. All
of these Pt compounds are thermally and air-stable solids and they
are soluble in common chlorinated hydrocarbons and toluene.
However, it appears that the non-thiophene species L0, M0 and
P0 are not very stable in solution under ambient conditions or
on exposure to light for long periods and so they should be freshly
prepared for subsequent characterization. P0�P2 can cast tough,
free-standing thin films from their solutions readily but their
solubility tends to decrease gradually as m increases. Gel-perme-
ation chromatography (GPC) on P0�P2 suggests their oligomeric/
polymeric nature. The relatively narrow polydispersity
(PDI � 1.68�2.01) in molecular weights is consistent with the pro-
posed linear structure from the condensation polymerization. The
number-average molecular weights (Mn) of P0�P2 calibrated with
polystyrene standards range from 11350 to 16070 and P1 and P2
can possess up to �21�25 heterocyclic rings in total along the
polymer chain based on Mn. Since a certain portion of P2 formed
(m = 2) was organic insoluble, the molecular weight of the soluble
fraction is believed to be relatively low. The structures were
unequivocally characterized using elemental analyses, mass spec-
trometry, IR and NMR spectroscopies (see Section 4).

2.2. Photophysical and electrochemical characterization

The absorption and emission spectra of the polymers and model
complexes were measured in CH2Cl2 solutions at 293 K (see Table 1
and Figs. 1 and 2 for P0�P2). The absorption of P0�P2 is each dom-
inated by an intense ligand-centered p�p* transitions in the oligot-
hienyl-phenothiazine organic system peaking at 349�430 nm, and
these polymers emit strong fluorescence from the singlet excited
states at 465�533 nm under ambient conditions. The absorption
and emission properties of the diplatinum model compounds
M0�M2 are very similar to those of their polymeric congeners
(see Supplementary material (SM)). The featureless absorption pat-
tern is typical of many p-conjugated polymers and arises in part
from the distribution of the conjugation lengths. Due to the presence
of an extended p-electron delocalized system through the rigid phe-
nothiazine–oligothiophene segment and the electron-rich Pt ion,
the bandgaps of P0�P2 vary from 2.90 to 2.52 eV with the value
for orange-red P2 significantly lowered by ca. 0.38 eV relative to
the yellow-brown neat phenothiazine-based P0. However, the ex-
tent of bathochromic shifts induced by increasing m is less pro-
nounced and there would be little advantage in extending the p-
conjugation length by increasing m too much given the increased
synthetic and purification complication and much reduced product
yields. A linear oligothienyl chain length dependence of Eg can be
rationalized from the plot of Eg against reciprocal chain length (1/
a, where a = m + 1) and a limiting value for Eg is estimated to be
ca. 2.34 eV for m =1 (Fig. 3) [91–93]. The measured photolumines-
cence (PL) lifetimes for P0�P2 and M0�M2 for the main peaks are
all very short (ca. 1.23�1.81 ns) at 293 K, characteristic of the
spin-allowed singlet emission. These results together with the small
Stokes shift observed preclude the emitting state as a triplet excited
state [23]. While a strong triplet emission at 551 (543) nm, with a
substantially larger Stokes shift and a triplet emissive lifetime sP

of ca. 2.09 (2.15) ls, is detectable in the PL spectrum of P0 (M0) at
77 K (Figs. 4 and 5), we observed no such long-lived emission over
the measured spectral window between 1.2 and 3.1 eV for P1�P2.
The phosphorescence to fluorescence intensity ratio is higher for
P0 than that for M0 at 77 K. The observation of efficient triplet emis-
sion is intrinsically more difficult for low-bandgap polyynes such as
P1�P2, which manifests the fate of energy gap law for Pt-containing
conjugated polyynes and their model diynes [94]. Theoretically, the
law predicts that the rate of radiationless deactivation increases as
the emission gap decreases due to the matching of wavefunctions
between the emitting state and highly vibrational levels of the
ground electronic state, resulting in a fast T1 ? S0 internal conver-
sion, followed by the solvent (or lattice in the solid state) deactiva-
tion. This quenching mechanism is intrinsic and probably poses the
main obstacle for phosphorescence for P1�P2. In addition, the fully
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Fig. 1. Absorption spectra of P0�P2 in CH2Cl2 solution at 293 K.
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Fig. 2. PL spectra of P0�P2 in CH2Cl2 solution at 293 K.
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Fig. 4. Absorption (293 K) and PL (both 293 and 77 K) spectra of P0 in CH2Cl2

solution.
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Fig. 5. Absorption (293 K) and PL (both 293 and 77 K) spectra of M0 in CH2Cl2

solution.
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extended heteroaryl rings in the ligand chromophore greatly re-
duces the influence of heavy metal ion in P1�P2 which is mainly
responsible for the intersystem crossing and hence the phosphores-
cence. Therefore, we consider a ligand-dominating singlet excited
state instead of the triplet state to contribute to the efficient photo-
induced charge separation in the energy conversion for P1�P2,
which contrasts with the Pt-monothiophene polyyne-based blends
where charge separation takes place via the triplet state channel of
the polymer [23]. From the solvent dependence studies of the emis-
sion spectra of P1�P2, it is also unlikely to ascribe the localized
states centered at 2.30�2.50 eV to a strong charge-transfer-type
interaction for P1�P2 since there is no evidence of strong solvato-
chromism in solvents of various polarities (see SM). Presumably,
this is the case because the present system does not consist of alter-
nating donor–p-acceptor structural units along the polymer chain.
Since the PL efficiency generally reduces as the size of a molecule
is increased as a result of a greater number of quenching sites and
the possibility of bimolecular decay, we note an increase in the
quantum yield when going from the polymer P0�P2 to its corre-
sponding dimer M0�M2.

Absorption spectra of neat P1 and P2 together with those
blended with PCBM (1:4 and 1:5 by weight) are shown in Fig. 6
and SM. Each of the neat spectra shows one major band
(kmax � 419 and 443 nm, respectively). The higher energy peak in
the blend film is less pronounced because of the dramatically en-
hanced absorption in the UV region by the addition of 80% or
83% PCBM.

The thermal properties of the polymers were also examined by
thermal gravimetric analysis (TGA) under nitrogen (Table 1). All of
them exhibited good thermal stability with the decomposition on-
sets at �345–366 �C, which are higher than those for trans-
[Pt(PBu3)2C„CArC„C]n (Ar = C6H4, 300 �C [30,83], anthrylene,
315 �C [95], oligothienylene, 278–290 �C [26], etc.). Decomposition
onset was defined by a 5 wt.% loss in each case.

The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) levels of stable Pt polyynes
P1�P2 were calculated using the redox potentials determined
from electrochemical measurements using cyclic voltammetry.
The experiments were performed by casting the polymer films
on the glassy-carbon working electrode with a Ag/AgCl wire as
the reference electrode, at a scan rate of 50 mV s�1. The solvent
in all measurements was deoxygenated MeCN, and the supporting
electrolyte was 0.1 M [nBu4N]BF4. The relevant data are collected in
Table 2. From the onset values of oxidation potential (Eonset, ox) and
reduction potential (Eonset, red), the HOMO and LUMO levels of the
polymers were calculated according to the following equations
EHOMO = �(Eonset, ox + 4.72) eV and ELUMO = �(Eonset, red + 4.72) eV
(where the unit of potential is V versus Ag/AgCl) [96–97] From
some literature data, the phenothiazine ring mainly influences



Table 1
Photophysical and thermal data of P0�P2 and M0�M2.

Absorption (293 K) Emission (293 K) Emission (77 K) Tdec (�C)

kabs (nm) CH2Cl2
a Bandgap Eg (eV)b kem (nm) CH2Cl2 U (%) sP (ns) kem (nm) CH2Cl2 sP (ns)

P0 281, 349 2.90 465, 491* 5.4 1.49 452*, 480*, 551, 593* 2.09 � 103 348
P1 262, 314, 412 2.66 505, 537* 1.6 1.38 494, 540* 1.67 345
P2 264, 430 2.52 533 4.1 1.23 537, 572* 1.59 366
M0 286 (4.0), 320 (1.8), 346 (1.4) 2.93 460, 485* 10.3 1.45 447, 470*, 543 2.15 � 103

M1 257 (2.0), 312 (0.1), 355 (4.7), 402 (4.5) 2.68 502, 533* 5.3 1.65 491, 525* 2.04
M2 263* (3.4), 300* (1.6), 426 (6.4) 2.54 527 7.8 1.81 524, 561* 1.87

Asterisks indicate weak or shoulder bands.
a Molar extinction coefficients (104 dm3 mol�1 cm�1) are shown in parentheses.
b Optical bandgaps determined from the onset of absorption in solution phases.

Table 2
Electrochemical data and frontier orbital energy levels for P1 and P2.

Polymer Oxidation potential (V) Energy levels (eV) Bandgap (eV)

Eonset, ox
a EHOMO

b ELUMO
c Eopt

g
d

P1 +0.84 �5.56 �2.87 2.66
P2 +0.79 �5.51 �3.00 2.52

a Eonset, ox are the onset potentials of oxidation.
b EHOMO = �(Eonset, ox + 4.72) eV.
c Calculated from the optical bandgap and the energy level of HOMO and

ELUMO ¼ ðEHOMO þ Eopt
g Þ eV.

d Eopt
g = Optical bandgap.
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the oxidation (p-doping) process of the polymer [66,67,70]. Each of
P1�P2 shows a quasi-reversible phenothiazinyl oxidation at 0.84
and 0.79 V, respectively, and the oxidation potential is reduced
with increasing thienyl chain length m, consistent with the phe-
nomenon that delocalization of the generated phenothiazine radi-
cal cations is apparently more favored and stabilized by increased
conjugation length [98–105] For P2, two additional anodic waves
due to the bithienyl cores also appeared at the more positive
potentials peaking at ca. 1.06 and 1.32 V but it was shown to be ab-
sent for P1. The electrooxidation of oligothiophenes is often irre-
versible because the electrogenerated cations readily undergo
rapid coupling reactions leading to higher oligomers or polymers.
Hence, the HOMO levels tend to be elevated with increasing m
from P1 (�5.56 eV) to P2 (�5.51 eV). However, no reduction wave
was observed in both cases.

2.3. Polymer solar cell behavior

Polymer solar cells were fabricated by using each of P1�P2 as
an electron donor and PCBM as an electron acceptor (Table 3).
The hole collection electrode consisted of indium tin oxide (ITO)
with a spin-coated poly(3,4-ethylene-dioxythiophene):poly(sty-
rene sulfonate) (PEDOT:PSS), while Al served as the electron col-
lecting electrode. We consider that enhancing the absorption
coefficient of the band by increasing the conjugation chain length
with oligothienyl rings is an effective way to improve the cell per-
formance. The versatile functionalization of thiophene groups on
Table 3
Solar cell performance of best devices with P1 and P2. The numbers in parentheses den
wavelength in nm at which maximum occurs.

PSC Voc (V) Jsc (mA cm�2)

P1:PCBM (1:4) 0.63 (0.61) 2.73 (2.60)
P1:PCBM (1:5) 0.78 (0.76) 3.71 (3.70)
P2:PCBM (1:4) 0.73 (0.73) 3.95 (3.80)
P2:PCBM (1:5) 0.79 (0.78) 4.06 (4.00)
phenothiazine also allows a good synthetic means of tuning the
solubility, polarity and bandgap in metallopolyynes. A marked in-
crease in the short-circuit current density (Jsc) and PCE can be ob-
served in P2 relative to P1 at the same blend ratio (Fig. 7a). It is
remarkable to see that the light-harvesting ability of P2 (with its
commensurately better light absorption characteristics than P1)
can be increased by over 0.2�0.3% relative to P1 simply by adding
two more thienyl rings along the main chain. This is in agreement
with the increased absorption coefficients with increasing m from
M1 to M2 (see Table 1), resulting in higher PCE for P2. With refer-
ence to some recent studies in related systems [32,35], it is possi-
ble that for both electrons and holes, the mobilities increase with
increasing m in P1�P2. A PCE of up to 1.06�1.29% can be obtained
for P1 and P2 (Eg � 2.66 and 2.52 eV, respectively) at the same
blend ratio of 1:5 under illumination of an AM1.5 solar simulator.
The shape of the external quantum efficiency (EQE) curve follows
the shape of the absorption of the blend and P2 has a slightly high-
er absorption at longer wavelengths. The EQE curves for P1 and P2
show a maximum of 64.2 (for 1:5 blend ratio) and 68.9% (for 1:4
blend ratio), respectively (Fig. 7b). Preliminary AFM images of
the 1:4 and 1:5 blends for both P1 and P2 show that the films
are rather smooth and do not show large domain sizes (see SM).
Both the Voc and FF values of P1- and P2-based solar cells (1:5)
are quite close to each other. The fill-factor (FF) ranges from 0.30
to 0.41 for the best devices. The relatively low values are at least
partly due to the fact that all processing (except PEDOT:PSS
annealing and electrode deposition) and measurements have been
done in ambient atmosphere which likely results in the presence of
traps. We expect FF to improve for fabrication and characterization
to be performed in inert gas environment. Comprehensive study of
charge transport and the influence of traps is necessary to further
improve FF and overall device performance.

To study the performance of PSCs, it is vital to understand
which mechanisms control the J�V characteristics of a given device
and the fate of the photogenerated electrons and holes. So, the
influence of light intensity on the solar cell parameters is very
informative for analyzing internal recombination losses
[106,107]. The J�V curves for P2 under different excitation powers
and the power dependence of the solar cell parameters are shown
in Figs. 8 and 9, respectively. The JSC exhibits a linear dependence
ote average from 6 devices. For EQE maxima, the numbers in brackets denote the

FF Max. PCE (%) Max. EQE (%)

0.32 (0.31) 0.55 (0.50) 57.6 (409)
0.37 (0.37) 1.06 (1.03) 64.2 (415)
0.30 (0.29) 0.86 (0.80) 68.9 (415)
0.41 (0.39) 1.29 (1.27) 63.2 (415)
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on the optical power, while Voc shows some increase and then sat-
urates at higher intensity, which is expected [108]. The PCE only
decreases slightly with the illumination intensity, reaching a peak
of 1.43% at 40 mW cm�2. The FF shows a maximum of 0.41 at the
benchmark power level of 100 mW cm�2.
3. Conclusion

In summary, we have established a versatile system for prepar-
ing phenothiazine-based conjugated platinum(II) metallopolyynes
with tunable optical absorption, electrochemical and electronic
properties for PSCs by suitable manipulation of the oligothienyl
chain length. This in turn can improve the performance of the
resulting PSCs through extending the oligothienyl chain length in
polyplatinynes, and we have attained PCE as high as 1.3% under
simulated AM1.5 solar illumination even for photosensitivity at
shorter wavelengths. Polymers P1 and P2 represent new examples
of high-bandgap organometallic polymers (Eg > 2.5 eV) with a
strongly blue-absorbing chromophore for harvesting solar radia-
tion. Given the performance and processing advantages, this work
has great potential to excel for the realization of more practical de-
vices even without the need for exploiting the triplet excited states
in promoting an efficient photoinduced charge separation. It
clearly sets out a rarely explored strategy toward an effective tun-
ing of the solar cell efficiency and charge transport properties in
conjugated metallopolymers for the next stage of development
for reliable polymer-based solar power generation. It is expected
that optimization at all levels of device construction and blend
composition will result in further improvements in the efficiency.
Also, the dependence of solar cell performance on molecular
weight should not be overlooked, which can cause significant
changes in the blend morphology, and such a study is currently un-
der active investigation in our laboratories.
4. Experimental

4.1. General information

Solvents were carefully dried and distilled from appropriate
drying agents prior to use. Commercially available reagents were
used without further purification unless otherwise stated. All re-
agents for the chemical syntheses were purchased from Aldrich or
Acros Organics. PCBM and regioregular P3HT (weight-average
molecular weight Mw 20000�50000) were purchased from Amer-
ican Dyes. PEDOT:PSS (Baytron VPAI 4083) was purchased from
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H.C. Starck. Reactions and manipulations were carried out under
an atmosphere of prepurified nitrogen using Schlenk techniques.
All reactions were monitored by thin-layer chromatography
(TLC) with Merck pre-coated glass plates. Flash column chroma-
tography and preparative TLC were carried out using silica gel
from Merck (230�400 mesh). Infrared spectra were recorded as
CH2Cl2 solutions using a Perkin–Elmer Paragon 1000 PC or Nicolet
Magna 550 Series II FTIR spectrometer, using CaF2 cells with a
0.5 mm path length. Fast atom bombardment (FAB) mass spectra
were recorded on a Finnigan MAT SSQ710 system. NMR spectra
were measured in CDCl3 on a Varian Inova 400 MHz FT-NMR
spectrometer and chemical shifts are quoted relative to tetra-
methylsilane for 1H and 13C nuclei and H3PO4 for 31P nucleus.
4.2. Physical measurements

UV–Vis spectra were obtained on an HP-8453 diode array spec-
trophotometer. The solution emission spectra and lifetimes of the
compounds were measured on a Photon Technology International
(PTI) Fluorescence QuantaMaster Series QM1 spectrophotometer.
The phosphorescence quantum yields were determined in de-
gassed CH2Cl2 solutions at 293 K against quinine sulfate in 0.1 N
H2SO4 (UF = 0.54) [109]. The decay curves were analyzed using a
Marquardt-based nonlinear least-squares fitting routine and were
shown to follow a single-exponential function in each case accord-
ing to I = I0 + Aexp(�t/s). The CV measurements were carried out at
a scan rate of 50 mV s�1 using a eDAQ EA161 potentiostat electro-
chemical interface equipped with a thin film coated ITO covered
glass working electrode, a platinum counter electrode and a Ag/
AgCl (in 3 M KCl) reference electrode. The solvent in all measure-
ments was deoxygenated MeCN, and the supporting electrolyte
was 0.1 M [nBu4N]BF4. Thin polymer films were deposited on the
working electrode by dip-coating in chlorobenzene solution
(6 mg mL�1). The onset oxidation and reduction potentials were
used to determine the HOMO and LUMO energy levels using the
equations EHOMO = [�(Eonset, ox (vs. Ag/AgCl) � Eonset (N.H.E. vs. Ag/AgCl)] �
4.50 eV and E

LUMO
= [�(Eonset, red (vs. Ag/AgCl) � Eonset (N.H.E. vs. Ag/AgCl)] �

4.50 eV, where the potentials for N.H.E. versus vacuum and N.H.E.
versus Ag/AgCl are 4.50 and �0.22 V, respectively [96,97].

4.3. Preparation of compounds

4.3.1. Synthesis of L0-2TMS
L0-2Br (2.00 g, 3.44 mmol), CuI (50 mg), Pd(OAc)2 (50 mg) and

PPh3 (150 mg) were combined in NEt3 (60 mL) and THF (100 mL)
to yield a yellow solution. Me3SiC„CH (0.97 mL, 6.88 mmol) was
added dropwise to the reaction mixture at room temperature
and the mixture was stirred for 2 h. The mixture was then heated
up to 70 �C for 15 h to give a deep brown solution mixture. The
completion of the reaction was verified by spot TLC. The solvent
was evaporated to dryness. The residue was redissolved in CH2Cl2

and subjected to purification by column chromatography using
CH2Cl2/n-hexane (1:3, v/v) as eluent to afford a yellow solid of
L0-2TMS (1.46 g, 69%).

Spectral data: IR (KBr): 2155 cm�1 (C„C). 1H NMR (CDCl3):
d = 7.24 (m, 2H, Ar), 7.19 (m, 2H, Ar), 6.69 (d, J = 8.0 Hz, 2H, Ar),
3.75 (t, J = 8.0 Hz, 2H, NCH2(CH2)14CH3), 1.75–1.70 (m, 2H,
NCH2CH2(CH2)13CH3), 1.39–1.28 (m, 26H, NCH2CH2(CH2)13CH3),
0.93 (t, J = 8.0 Hz, 3H, NCH2CH2(CH2)13CH3), 0.29 ppm (s, 18H,
Si(CH3)3). 13C NMR (CDCl3): d = 145.27, 131.79, 131.14, 124.60,
117.90, 115.68, 115.57 (Ar), 105.04, 94.58 (C„C) 54.01, 48.18,
32.61, 30.38, 30.34, 30.29, 30.17, 30.05, 29.80, 27.34, 27.22,
23.37, 14.82 (C16H33) 0.69 ppm (Si(CH3)3). FAB-MS: m/z = 616
(M+). Anal. Calc. for C38H57NSSi2: C, 74.08; H, 9.33; N, 2.27. Found:
C, 73.92; H, 9.10; N, 2.21%.
4.3.2. Synthesis of L1-2TMS and L2-2TMS
They were prepared following the same procedures as for L0-

2TMS but L1–2Br or L2–2Br was used instead.
L1-2TMS: Yellow solid (65%). Spectral data: IR (KBr): 2146 cm�1

(C„C). 1H NMR (CDCl3): d = 7.28 (m, 4H, Ar), 7.17 (m, 2H, Ar), 7.01
(m, 2H, Ar), 6.74 (d, J = 8.0 Hz, 2H, Ar), 3.76 (m, 2H,
NCH2(CH2)14CH3), 1.76 (m, 2H, NCH2CH2(CH2)13CH3), 1.40–1.26
(m, 26H, NCH2CH2(CH2)13CH3), 0.91 (t, J = 8.0 Hz, 6H,
NCH2CH2(CH2)13CH3), 0.29 ppm (s, 18H, Si(CH3)3). 13C NMR
(CDCl3): d = 145.06, 144.53, 134.01, 128.54, 125.20, 124.78,
124.68, 122.18, 121.82, 115.66 (Ar), 99.77, 98.12 (C„C) 53.65,
47.85, 32.22, 29.99, 29.91, 29.81, 29.65, 29.47, 28.14, 27.10,
26.95, 26.05, 22.98, 22.41, 22.32, 14.43 (C16H33), 0.19 ppm
(Si(CH3)3). FAB-MS: m/z = 780 (M+). Anal. Calc. for C46H61NS3Si2:
C, 70.80; H, 7.88; N, 1.79. Found: C, 70.68; H, 7.92; N, 1.92%.

L2-2TMS: Deep yellow solid (62%). Spectral data: IR (KBr):
2140 cm�1 (C„C). 1H NMR (CDCl3): d = 7.70–7.64 (m, 2H, Ar),
7.54 (m, 2H, Ar), 7.47 (m, 2H, Ar), 7.33–7.30 (m, 2H, Ar), 7.13–
7.09 (m, 2H, Ar), 7.00 (m, 2H, Ar), 6.82 (m, 2H, Ar), 3.85–3.82 (m,
2H, NCH2(CH2)14CH3), 1.83–1.77 (m, 2H, NCH2CH2(CH2)13CH3),
1.29–1.24 (m, 26H, NCH2CH2(CH2)13CH3), 0.87 (t, J = 8.0 Hz, 3H,
NCH2CH2(CH2)13CH3), 0.26 ppm (s, 18H, Si(CH3)3). 13C NMR
(CDCl3): d = 144.45, 143.09, 139.16, 135.43, 134.06, 133.87,
133.77, 132.38, 128.67, 128.07, 125.37, 124.55, 123.71, 123.18,
121.81, 115.70 (Ar), 100.33, 97.69 (C„C) 53.85, 47.88, 32.16,
29.94, 29.86, 29.75, 29.60, 29.43, 27.08, 26.97, 22.92, 14.36
(C16H33), 0.08 ppm (Si(CH3)3). FAB-MS: m/z = 944 (M+). Anal. Calc.
for C54H65NS5Si2: C, 68.66; H, 6.94; N, 1.48. Found: C, 68.53; H,
6.87; N, 1.55%.
4.3.3. Synthesis of L0–L2
The diethynyl ligands were prepared by the desilylation of each

of TMS derivatives. A typical procedure was given for L0 starting
from L0-2TMS.

A mixture of L0-2TMS (0.80 g, 1.30 mmol) and K2CO3 (0.36 g,
2.60 mmol) in MeOH (30 mL) and THF (50 mL) was stirred at room
temperature under nitrogen for 4 h. The solution turned deep yel-
low in color after the reaction. Solvent was removed under reduced
pressure to leave a yellow residue. The residue was dissolved in a
minimum amount of CH2Cl2 and was subjected to column chroma-
tography using CH2Cl2/n-hexane (1:1, v/v) as the solvent system to
afford a yellow solid characterized as L0 (0.46 g, 75%).

Spectral data: IR (KBr): 2107 cm�1 (C„C), 3303 cm�1 (C„CH).
1H NMR (CDCl3): d = 7.31–7.28 (m, 2H, Ar), 7.24 (m, 2H, Ar), 6.76
(d, J = 8.0 Hz, 2H, Ar), 3.81 (t, J = 8.0 Hz, 2H, NCH2CH2(CH2)13CH3),
3.10 (s, 2H, C„CH), 1.81–1.77 (m, 2H, NCH2CH2(CH2)13CH3),
1.45–1.30 (m, 26H, NCH2CH2(CH2)13CH3), 0.94 ppm (t, J = 8.0 Hz,
3H, NCH2(CH2)14CH3). 13C NMR (CDCl3): d = 144.75, 131.22,
130.50, 123.84, 116.07, 114.86 (Ar), 82.72 (C„C), 47.43, 31.78,
29.56, 29.52, 29.46, 29.35, 29.23, 28.99, 26.59, 26.43, 22.54,
13.99 ppm (C16H33). FAB-MS: m/z = 471 (M+). Anal. Calc. for
C32H41NS: C, 81.47; H, 8.76; N, 2.97. Found: C, 81.56; H, 8.65; N,
2.89%.

L1: Yellow solid (68%). Spectral data: IR (KBr): 2103 cm�1

(C„C), 3300 cm�1 (C„CH). 1H NMR (CDCl3): d = 7.28 (m, 4H, Ar),
7.20–7.19 (m, 2H, Ar), 7.02 (d, J = 4.0 Hz, 2H, Ar), 6.75 (m, 2H,
Ar), 3.76 (t, J = 8.0 Hz, 2H, NCH2CH2(CH2)13CH3), 3.41 (s, 2H,
C„CH), 1.78–1.75 (m, 2H, NCH2CH2(CH2)13CH3), 1.40–1.25 (m,
26H, NCH2CH2(CH2)13CH3), 0.90 ppm (t, J = 8.0 Hz, 3H,
NCH2(CH2)14CH3). 13C NMR (CDCl3): d = 145.37, 144.57, 134.45,
128.40, 125.28, 124.71, 124.69, 122.16, 120.56, 115.66 (Ar), 82.20
(C„C), 47.88, 32.22, 30.02, 29.97, 29.94, 29.84, 29.68, 29.50,
27.12, 26.92, 23.00, 14.46 ppm (C16H33). FAB-MS: m/z = 636 (M+).
Anal. Calc. for C40H45NS3: C, 75.54; H, 7.13; N, 2.20. Found: C,
75.38; H, 7.01; N, 2.17%.
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L2: Deep yellow solid (62%). Spectral data: IR (KBr): 2106 cm�1

(C„C), 3300 cm�1 (C„CH). 1H NMR (CDCl3): d = 7.36–7.33 (m,
4H, Ar), 7.18 (m, 2H, Ar), 7.12–7.08 (m, 4H, Ar), 7.02 (m, 2H, Ar),
6.82 (d, J = 8.0 Hz, 2H, Ar), 3.84 (t, J = 8.0 Hz, 2H,
NCH2CH2(CH2)13CH3), 3.41 (s, 2H, C„CH), 1.83–1.79 (m, 2H,
NCH2CH2(CH2)13CH3), 1.44–1.24 (m, 26H, NCH2CH2(CH2)13CH3),
0.88 ppm (t, J = 8.0 Hz, 3H, NCH2(CH2)14CH3). 13C NMR (CDCl3):
d = 144.24, 143.02, 139.25, 134.96, 134.01, 128.45, 125.31,
124.79, 124.59, 124.33, 122.99, 122.91, 120.33, 115.48 (Ar), 82.29
(C„C), 47.66, 31.94, 29.72, 29.68, 29.64, 29.53, 29.38, 29.21,
26.85, 26.73, 22.71, 14.15 ppm (C16H33). FAB-MS: m/z = 800 (M+).
Anal. Calc. for C48H49NS5: C, 72.04; H, 6.17; N, 1.75. Found: C,
72.12; H, 6.29; N, 1.70%.

4.3.4. Synthesis of platinum metallopolyynes (P0–P2)
The polymers were prepared by the dehydrohalogenative

polycondensation between trans-[PtCl2(PBu3)2] [110] and each
of L0�L2. A typical procedure was given for P0 starting from
L0.

Polymerization was carried out by mixing ligand L0 (30 mg,
0.06 mmol) and trans-[PtCl2(PBu3)2] (43 mg, 0.06 mmol) in 1:1
molar ratio in NEt3/CH2Cl2 (20 mL, 1:2, v/v) and CuI (3 mg) was
added to the mixture as a catalyst. After stirring at room tempera-
ture for 15 h under nitrogen, the solution mixture was evaporated
to dryness. The residue was redissolved in a small volume of
CH2Cl2, and filtered through a silica column using the same eluent
to remove ionic impurities and catalyst residues. After removal of
the solvent, the crude product was purified by precipitation from
MeOH. Subsequent washing with n-hexane and drying in vacuo
gave a waxy yellow solid of P0 (41 mg, 60%).

Spectral data: IR (KBr): 2095 cm�1 (C„C). 1H NMR (CDCl3):
d = 7.24–7.21 (m, 4H, Ar), 6.88 (d, J = 8.0 Hz, 2H, Ar), 3.98 (m, 2H,
NCH2(CH2)14CH3), 2.33–2.24 (m, 14H, NCH2CH2(CH2)13CH3 + PCH2

CH2CH2CH3), 1.81–1.49 (m, 50H, NCH2CH2(CH2)9CH3 + PCH2CH2-
CH2CH3), 1.18–1.09 ppm (m, 21H, NCH2(CH2)10CH3 + PCH2CH2-
CH2CH3). 13C NMR (CDCl3): d = 142.68, 129.69, 127.75, 123.97,
123.51, 114.88 (Ar), 108.05 (C„C), 53.71, 47.74, 32.21, 29.97,
29.88, 29.65, 29.61, 27.29, 27.18, 26.64, 26.35, 24.76, 24.63,
24.53, 24.35, 24.18, 22.98, 14.41, 14.14, 8.90 ppm (C16H33 + PBu3).
31P NMR (CDCl3): d = 4.07 ppm (1JPt–P = 2357 Hz). Anal. Calc. for
(C56H93NP2PtS)n: C, 62.89; H, 8.77; N, 1.31. Found: C, 62.76; H,
8.89; N, 1.15%. GPC (THF): Mw = 11350, Mn = 5720. PDI = 1.98.

P1: Deep yellow solid (58%). Spectral data: IR (KBr):
2090 cm�1 (C„C). 1H NMR (CDCl3): d = 7.27 (m, 4H, Ar), 6.97
(m, 2H, Ar), 6.77 (m, 4H, Ar), 3.82 (m, 2H, NCH2(CH2)14CH3),
2.11 (m, 14H, NCH2CH2(CH2)13CH3 + PCH2CH2CH2CH3), 1.59–1.24
(m, 50H, NCH2CH2(CH2)13CH3 + PCH2CH2CH2CH3), 0.95–0.87 ppm
(m, 21H, NCH2(CH2)10CH3 + PCH2CH2CH2CH3). 13C NMR (CDCl3):
d = 143.89, 140.06, 129.54, 129.10, 128.85, 128.55, 124.65,
124.36, 122.00, 115.54 (Ar) 101.82 (C„C), 47.79, 45.99, 32.16,
29.90, 29.80, 29.59, 29.49, 27.17, 26.59, 24.70, 24.63, 24.57,
24.37, 24.20, 24.03, 22.92, 14.36, 14.10, 9.10 ppm
(C16H33 + PBu3). 31P NMR (CDCl3, H3PO4): d = 4.37 ppm
(1JPt–P = 2328 Hz). Anal. Calc. for (C64H97NP2PtS3)n: C, 62.31; H,
7.93; N, 1.14. Found: C, 62.23; H, 8.05; N, 1.20%. GPC (THF):
Mw = 16070, Mn = 8020. PDI = 2.01.

P2: Brown-yellow solid (57%). Spectral data: IR (KBr):
2086 cm�1 (C„C). 1H NMR (CDCl3): d = 7.35 (m, 4H, Ar), 7.12 (m,
1H, Ar), 7.08 (m, 2H, Ar), 7.03–7.00 (m, 2H, Ar), 6.95 (m, 1H, Ar),
6.83 (m, 2H, Ar), 6.76–6.72 (m, 2H, Ar), 3.85 (m, 2H,
NCH2(CH2)14CH3), 2.17–1.99 (m, 14H, NCH2CH2(CH2)13CH3 +
PCH2CH2CH2CH3), 1.60–1.24 (m, 50H, NCH2CH2(CH2)13CH3 +
PCH2- CH2CH2CH3), 0.98–0.86 ppm (m, 21H, NCH2(CH2)14CH3 +
PCH2CH2CH2CH3). 13C NMR (CDCl3): d = 144.00, 141.32, 136.68,
133.97, 128.83, 128.03, 124.76, 124.59, 124.20, 123.65, 123.71,
123.09, 122.86, 115.43 (Ar), 101.48 (C„C), 53.43, 47.65, 31.93,
30.37, 29.70, 29.54, 29.37, 29.23, 26.89, 26.78, 26.38, 26.09,
25.80, 24.48, 24.17, 24.00, 23.83, 21.84, 14.13, 13.87 ppm
(C16H33 + PBu3). 31P NMR (CDCl3, H3PO4): d = 3.38 ppm
(1JPt–P = 2330 Hz). Anal. Calc. for (C72H101NP2PtS5)n: C, 61.86; H,
7.28; N, 1.00. Found: C, 61.68; H, 7.34; N, 0.93%. GPC (THF):
Mw = 11590, Mn = 6890. PDI = 1.68.

4.3.5. Synthesis of platinum model complexes (M0–M2)
All of them were synthesized following the dehydrohalogenat-

ing coupling between trans-[PtCl(Ph)(PEt3)2] [111] and the corre-
sponding diterminal alkynes. A typical procedure was given for
M0 starting from L0.

To a stirred mixture of ligand L0 (30 mg, 0.06 mmol) and two
molar equivalents of trans-[PtPh(Cl)(PEt3)2] (69 mg, 0.13 mmol)
in NEt3 (15 mL) and CH2Cl2 (20 mL), CuI (3 mg) was added as the
catalyst. The solution was stirred at room temperature for 15 h un-
der nitrogen, after which all volatile components were removed
under vacuum. The crude product was taken up in CH2Cl2 and puri-
fied on preparative silica TLC plates with a CH2Cl2/n-hexane mix-
ture (3:1, v/v) as eluent. A deep yellow band consisting of 40 was
obtained as a yellow solid (57 mg, 60%).

Spectral data: IR (KBr): 2095 cm�1 (C„C). 1H NMR (CDCl3):
d = 7.26–7.18 (m, 4H, Ar), 7.00–6.96 (m, 4H, Ar), 6.90–6.86 (m,
4H, Ar), 6.72 (t, J = 8.0 Hz, 4H, Ar), 6.58 (d, J = 8.0 Hz, 2H, Ar),
3.69–3.66 (m, 2H, NCH2(CH2)14CH3), 1.70–1.54 (m, 26H, NCH2CH2-
(CH2)13CH3 + PCH2CH3), 1.31–1.18 (m, 26H, NCH2CH2(CH2)13CH3),
1.12–0.93 (m, 36H, PCH2CH3), 0.85–0.76 ppm (m, 3H,
NCH2CH2(CH2)13CH3). 13C NMR (CDCl3): d = 156.50, 142.09,
139.15, 137.17, 129.34, 127.66, 127.19, 123.31, 121.10, 114.52
(Ar), 111.87, 108.95 (C„C), 47.38, 31.88, 29.62, 29.33, 29.28,
26.97, 26.84, 22.65, 22.58, 15.18, 15.01, 14.85, 14.09, 13.52,
13.35, 13.39, 7.98, 7.91 ppm (NC16H33 + PEt3). 31P NMR (CDCl3):
d = 10.89 ppm (1JPt–P = 2642 Hz). FAB-MS: m/z = 1486 (M+). Anal.
Calc. for C68H109NP4Pt2S: C, 54.94; H, 7.39; N, 0.94. Found: C,
55.05; H, 7.21; N, 1.09%.

M1: Deep yellow solid (57%). Spectral data: IR (KBr): 2082 cm�1

(C„C). 1H NMR (CDCl3): d = 7.33–7.25 (m, 8H, Ar), 6.99–6.95
(m, 6H, Ar), 6.83–6.77 (m, 6H, Ar), 3.81 (t, J = 8.0 Hz, 2H,
NCH2(CH2)14CH3), 1.77–1.72 (m, 26H, NCH2CH2(CH2)13CH3 +
PCH2CH3), 1.28–1.25 (m, 26H, NCH2CH2(CH2)13CH3), 1.14–1.04
(m, 36H, PCH2CH3), 0.89–0.86 (m, 3H, NCH2CH2(CH2)13CH3). 13C
NMR (CDCl3): d = 156.25, 143.82, 139.59, 139.32, 129.65, 129.39,
128.12, 127.57, 124.67, 124.58, 124.32, 121.99, 121.55, 115.51
(Ar), 102.58 (C„C), 47.80, 32.17, 29.94, 29.92, 29.87, 29.81,
29.61, 29.50, 27.17, 27.04, 22.94, 15.52, 15.35, 15.17, 14.38, 8.28
(C16H33 + PEt3). 31P NMR (CDCl3, H3PO4 as the reference):
d = 11.07 (1JPt–P = 2626 Hz). FAB-MS: m/z = 1650 (M+). Anal. Calc.
for C76H113NP4Pt2S3: C, 55.29; H, 6.90; N, 0.85. Found: C, 55.09;
H, 6.78; N, 1.03%.

M2: Deep yellow solid (58%). Spectral data: IR (KBr): 2084 cm1

(C„C). 1H NMR (CDCl3): d = 7.37–7.31 (m, 8H, Ar), 7.07 (d,
J = 4.0 Hz, 2H, Ar), 7.03 (d, J = 4.0 Hz, 2H, Ar), 6.99–6.94 (m, 6H,
Ar), 6.82–6.80 (m, 4H, Ar), 6.76 (d, J = 4.0 Hz, 2H, Ar), 3.85–3.81
(m, 2H, NCH2(CH2)14CH3), 1.81–1.71 (m, 26H, NCH2CH2(CH2)13-
CH3 + PCH2CH3), 1.25 (m, 26H, NCH2CH2(CH2)13CH3), 1.14–1.02
(m, 36H, PCH2CH3), 0.89–0.86 ppm (m, 3H, NCH2CH2(CH2)13CH3).
13C NMR (CDCl3): d = 155.88, 143.94, 141.11, 139.06, 136.82,
133.50, 129.39, 128.84, 127.66, 127.37, 124.57, 124.53, 124.16,
123.54, 123.11, 122.84, 121.37, 115.41 (Ar), 102.24 (C„C), 53.44,
47.63, 31.94, 29.72, 29.68, 29.65, 29.55, 29.38, 29.23, 26.89,
26.78, 22.71, 15.30, 15.13, 14.96, 14.15, 8.05, 7.95 ppm
(C16H33 + PEt3). 31P NMR (CDCl3): d = 9.99 ppm (1JPt–P = 2627 Hz).
FAB-MS: m/z = 1815 (M+). Anal. Calc. for C84H117NP4Pt2S5: C,
55.58; H, 6.50; N, 0.77. Found: C, 55.45; H, 6.46; N, 0.92%.
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4.4. Solar cell fabrication and characterization

The device structure was ITO/poly(3,4-ethylene-dioxythioph-
ene):poly(styrene sulfonate) (PEDOT:PSS)/polymer:PCBM blend/
Al. The ITO glass substrates (10 X per square) were cleaned by son-
ication in toluene, acetone, ethanol and deionized water, dried in
an oven, and then cleaned with UV ozone for 300 s. As-received
PEDOT:PSS solution was passed through the 0.45 lm filter and
spin-coated on patterned ITO substrates at 5000 r.p.m. for 3 min,
followed by baking in N2 at 150 �C for 15 min. The metal-
lopolyyne:PCBM (1:4 or 1:5 by weight) active layer was prepared
by spin-coating the chlorobenzene solution (20 mg/mL, for exam-
ple 6 mg of metallopolyyne and 30 mg of PCBM in 1.8 mL of solvent
for 1:5 blend) at 1000 r.p.m. for 2 min. The substrates were dried at
room temperature in low vacuum (vacuum oven) for 1 h, and then
stored in high vacuum (10�5–10�6 Torr) overnight. Al electrode
(100 nm) was evaporated through a shadow mask to define the ac-
tive area of the devices (2 mm diameter circle). All the fabrication
procedures (except drying, PEDOT:PSS annealing and Al deposi-
tion) and cell characterization were performed in air. Power con-
version efficiency was determined from J�V curve measurement
(using a Keithley 2400 sourcemeter) under white light illumination
(at 100 mW cm�2). For white light efficiency measurements, Oriel
66002 solar light simulator with AM1.5 filter was used. The light
intensity was measured by a Molectron Power Max 500D laser
power meter. For the measurement of the external quantum effi-
ciency, different wavelengths were selected with a Oriel Corner-
stone 74000 monochromator, while the photocurrent was
measured with a Keithley 2400 sourcemeter. The light intensity
was measured with a Newport 1830-C optical power meter
equipped with a 818-UV detector probe.

Acknowledgements

This work was supported by a CERG Grant from the Hong Kong
Research Grants Council (HKBU202005) and a Faculty Research
Grant from the Hong Kong Baptist University (FRG/06-07/II-63).
Financial support from the Strategic Research Theme, University
Development Fund, and Seed Funding Grant and Outstanding
Young Researcher Award (administrated by The University of Hong
Kong) is also acknowledged.
Appendix A. Supplementary material

Supplementary data associated with this article including syn-
thesis of ligand precursors, absorption spectra of L0�L2 and
M0�M2, PL spectra of M0�M2, absorption spectra of neat films
of P1 and P2, solvent dependence of PL spectra of P1 and P2, dark
current J–V curves of the polymer solar cells with P1�P2:PCBM
(1:4 and 1:5) active layers, J�V curves of the P1:PCBM (1:4) device
for different illumination, power dependencies for the P1:PCBM
(1:4) cells, AFM topography images of blend films for P1:PCBM
(1:4), P1:PCBM (1:5), P2:PCBM (1:4) and P2:PCBM (1:5), and de-
tailed absorption and emission data for L0�L2. Supplementary
data associated with this article can be found, in the online version,
at doi:10.1016/j.jorganchem.2009.02.006.
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